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THE USE OF AUTOFRETTAGED LOCOS)E BARREL LINER
CONSTRUCTION FOR HYPERVELOCITY LAUNCHERS

Prepared by:
V. C. . Dawson and A. E. Seigel

ABSTRACT:KeThe usc of gun-type hypervelocity launchers in
aerodynamic research and development has placed a severe
problem on the designer of these devices. The extremely
high muzzle velocities (12,000 feet per second to 30,000
feet per second) attained increase the barrel erosion and
wear to such levels that a very low firing life is availablc.
Thus, the cost of employing these launchers in a research
program, because of high replacement costs and low life
expectancy, becomes excescive. This report treats the
possibility of using the loosce liner barrel construction

as a means of reducing thesc costs and shows that employment:
of autofrettaged liners offers distinct advantages./ <:-‘“\
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LYST OF SYLBOLS

P Pressurc (pesi)

P, Pressure to talke up clearance

Pf Pressure to causc yiclding

YO Yield strength (psi)

w wall ratio (outside diameter/inside dimueter)
o Stress (psi)

g Clearance (in)

E Young's modulus (30 x 106 psi)

Do Outside diameter (in)

S pDistorijon energy stress (psi)

€ Strain (in/in)

Etc fangential strain tco tale up clearance
Subscripts

t Tangential

Z Longitudinal

r Radizal

Q Liner
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ROLTR 63-78

yielding begins at the inside diameter, a residval permanont
set occurs in thg bore. The resultant non-uniform bore diameter
results in undesirable gas blowby and sabot accéeleration.

Based upon the Distortion Energy Theory, yiclding at the
bore occurs whent®

Yo (w?=1)
P=

Thus, an infinite wall ratio tube will yie)ld at a prensure
given by

(1)

P - Yo (2)
'3
If the wall ratio is less, say in the range W= 1.1 to 1.7
the prespure capability (from cg. (1)) varies from .174 Yo/ 3

to .655 Yo/ N\ 3. Thus, the pressure capability of any tube io
restricted to relatively low values for elastic-operation,

In loose liner conctruction, the inner tubz having a
relatively low wall ratio (since otherwise no cost gaving would
occur on réplacement) is inserted into a thicker-walled jackat.
Vmen pressure is applied the liner cipands and tiakes up the
clearance until it is supported by thc outer jacket. The entire
tube then acts az a thick-walled tuvbe as additional prescure is
applied. Thug, the tube initially acts as a thin-walled tuhe
until the pressure causes contact with the outer tube. If the
yield point of the liner is reached at any time during the entive
pressurization it will permanently expand and be left with a
residual cet., If, in this case, the clearance ic used up, the
liner camnot be easily removed and the entire purpose of the
loose construction is defeated.

Now the outside diamcter D, swells elastically by an
amount © as given by the equation

7 P
De ———=—=
E (W, ~1)

* ophis result is for a closed-end tube. The result for the
open or plane strain case does not vary more than a fow
percent from this value, Equation (1) for the cloced-end
tubs is based upon the yield condition M - & = 2¥u/\3 .

¢ =D&, = (3)
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Thus, 3£ the lincr has a given clearance, $ on the diameter,
the pressure at which the liner engages the jacket is

6 E (L —1)

Pc = Do l.7 (4)' )

At thig pressure, tha combined stress (by the Distortion Energy

Theory) at the bore is
.
C’UG

V_g R (,‘J;'“ 1" (5)

If additional pressuro is now applied to the liner-jacket
conbination, the liner hore will ceventuvally reach the yield
point. “Thig limit occurs when an additional AP has bzen
applied which is given by the yielding condition

S 4 L AP ¥

— (6)
w*—|
vhere o i3 the over-all wall ratio of liner and jacket
(w=wzwy )o
T R Wy
Substituting AP = & ~R and S, == REM R into

) Wy —|
equation (6) gives ¢

2 2
= R ow, V3w .
wr = ”*—"E"lT(E“E\”

or

R = \F wr. Y, -+ P[ i () (7

éo(w)

T ren £ O oy e e s >

* The yield criterion for the closed-end tube vhere it is

agsumed 0 = (o7- rG’.-/ 2. , reduces to 0; = O, Zﬁo/v""\mich

ile cqu:e.vﬂcnt to cguation {6).
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By virtue of cquation (3)

B - L= E & (ﬁdz—“fz (8)
Yo V3 w*® 7Y, w=

Equation (8) gives the maxilum valuc of pressure that a
loose liner construction will holé clastically for any value
of Yo, E. , €¢. » Wpand W, TFor greater values of proecsure,
the bore of the liner will be plastically yielded, Figure 1
is a plot of Pg/¥y against E €¢./Y, for various values of Wy o
The assumzd value of W is 5 for the plot.® IF the clearance
is zero, the lincce and jacket will act as a tube of wall ratio
5; thus, the value of Pg/Yo is from equation (1)

R - 554

(-]

As B £/Yo increases, i.e., clearance batween liner and
jacket is permittced, the value of Pg/Yo decreases. For each
valuc of Wy there is a limiting valuc of E.€ic/Y, indicated
by the horizontal dotted portion of each curve., At this
limiting value, the liner just reaches the yield point as the
clearance bztween tube and lina2x reaches zero., Iurther
pressurization will cause yielding of the liner., An intcresting
feature of figure 1 is tue very small dependence that Pf/Ye has
on W . Essentially &ll the curves coincide except for the
limiting value.

It is apparcnt from figure l that the introduction of
cloarance se:rriously degrades the pressure to which the system
can operate elastically. For example, consider the following
case,

e 0 - 020 e -

* For ) large, cquation (8) becomes

R o_ .. Et
’.—Y: - \rg— lt—l Yo

The plot in figure 1 for W=5 is in good agreement with this
equation,

o
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Steel Liner IX.p., 1.,00" Yo = 140,000 pai
Liner ©.D. 1.30" '
Clearance on diameter 002"

_ 002 . . 10®
€e. = 2222, EE,, sox10) .002 _ 3p
. Yo 140 10°  1-30 °

Fyom figure 1, P£/Yo = 375 Jr Pg = 52,500 pei.

If the clearance were zero, i.e., monobloc construction
had been used, the peak pressure that could be maintained, from
figure 1 { Ei%x/\’-O), would be 77,500 psi. Thus, the loose

liner construction degraded tlie pressure capability by 32 percent,

Thus, although while the loose liner provides a low=-cost
method ¢f barrel replacement it suffers from the serious drawback
that the pressure capability is limited.

AUTOFRETTAGED LOOSE LIMER CORSTRUCTION

From equation (1), for very large wall ratios, the

limiting pressure is Yo/ 3. Thus, to attain a pressure of
100,000 psi elastically it is nccessary toc use a steel having ,
a yield of 173,000 psi. The problem of obtaining a chambexr of 1
large size w‘th such a yield strength is considerabla. Thus,
tc obtain high-pressurs aperafxon such as is required in
hypervelocity developnent, it is necessary to resort to othexr
methods than atraight monobloc construction. 7There methods are
the use of compound tubes with interferenca construction
{shrink fite) or the autcfrettaging of a moncbloc tuba {(ref, (1)).
This last technigque is thé one most often applisd in the desiyn
of launchers at the Raval Ordnance Laboratory, The autofrettage
principle is based uypon pressurizing a cylinder to values

" greater than the preasure that csuses yieiding initiation at
the bors. This pressurs application causes ylelding through
part or a8ll of the wall depending upon the pressure applied,
The non~uniform gialding produces rosidual compressive stroassas

. at the bore so that pressura can subseguently be &pplied up to

. the autofrattage preasaxe witih the cylinder \oncting wlastically.

?b obtain the high pressu.os required in hypervelocity
esper iments, the autofrettage process is appliad during manu-
facture of the tube. There is a limit to the pressure that
a tube can be subioected to during this process, The “fmit is

(53]
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=Y, “
P - ;T’T,-«.B:. Qn w , w.{;z,za (9}

2
o2 wi-l ., M
P= s W ao

1]

For the larger wall ratios, from equation (10) the pressure

is twice the pressure given by eguation (1), 7The autofrottage
process has, therefore, doubled the pressure capability of the
svaten for elastic opcration.

while a yain has been obtained in pressure capability,
no advantage has been obtailned as far as wear is concerned.
Ia fact, autofretcaged tubes cannot be rebored without reducing
their preasur:z capab.iity since some of tue residual stresgses
are removed during reboring.,

9he advantages of autofrettage in moncbice construction, as
- indicated. L,ove, load one to consider whether such a process
might not lend itself to lcose liner construction. The idea here
is that ¢ :s loose liner, which of necessity has z relatively
small wall ratio, would b2 p-essurized to the fully plastic
state during manufacture. Thus, its elastic presswre rangs
would be incr-ased over what it would have been in the non-
aat>frettaged condition, It would then be inserted into a
jacket under the same conditions as given in the seccnd section
of this zeport. The feastbzlity of this procedure will now be
iavagstigated,

The pressure reguired to make the liner fully plastic is
from equation (9)

= 20 2 Pty (1)

SO SUPGI W PO SR e 450

* At the pressur« given by equation (9) the tube becomea
fully plastic ieee refersnce (1)).

#* At the pressure given by equation (10) forw=>- 2.22 the
residuil strerses are of such magnitude that the bore is
on the verge of yilelding in compression (see reference (1)).
Also see reference (2) for use of reyielded tubes, -
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After application of this pressure to the liner, the liner is
described as fully autofrettaged, and subseguent applicetion of
pressure up to this value will cause only elastic deformations
of the liner.

This pressure induces residual stresses at the bore which
are {see reference (1)}

2% uYowy
0t = VEY V3 m 291&) 12
o = 0 (13)

The pressure required to take up the clearancs % batween
the liner and ijacket is

 E (i -1) | i1
- L —_— e 4
P(_ Do 1'7 ” 6t‘ E ‘07 ( )
and it produces stresses in ti.e bore
: 2
Wy + |
G = R (14)
t © g -1
0, = — & (15)

The stresses produced by application of additional pressure
to the liner-jacket coMbination are

' |
6; = AP w i16)
o— |
g, = =-AP an
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where

By superposition of all the stresses the yield condition gives

2Y _ wt \ . (g +
m = 06 =AP(E) TR

4, [ W 2%,

This simplifieas to
' *%

2 2 2 i
T - 3 w; -1 Jw* . NAMN

Bquation (18) ls plotted in figure 2 for various values of Wy ,
& was assumed to be 5. Shown for comparison arc theWg= 1.3
and Wy =« 1,7 of figure 1, The dotted horizontal portions of
sach curve represent the maximum pressure the liner will hold
unsupported, i.e., the autofrettage pressure, and the value

of E{,/Yo where this occurs.

It is apparent (see figure 2) that autofrettaged loose
liner construction provides considerable gain over the non-
autofrettaged loose liner system., Such an autofrettaged liner
congtruction, of course, will not sustain the magnitude of
pressure P/Y, = 1,108 that a cylinder of W = 5 will withstand
if autofrettaged. Nevartheless, the autofrettaged loose liner
method appears to provide a low-cost method of barrel replacement
with the capability of providing high-pressure operation.

For comparison purposes, the example cited in the second
section of this report yields the following results:

Monobloc - non-autofrettaged (W = 5), Pg = 77,500 psi

Loose Liner - non-autorrettaged ( Wy = 1.,3), Pg = 52,500 psi

* Pox WX Wy , this becomes —;({-"-:-v-%;ﬁj‘-‘—*—\%——-“

which is a good approximation for all w?> 4,
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Forobloc -~ autofrettaged ( W = 5), Pg = 155,000 psi
Loose Linwy « autofrettaged ( Wo = 1.3), Pg = 74,400 psi

For thin eruuple, the auvtofrettaged loosc lincr Las approximately
the coma canebility as the non~autofrettegnd nmobloc systaenm,

re anothar cimwple, suppose that it io desired to hold a
presusure of 100,000 psi, If the liner has a yield streagth
of 150,000 psi, Pg/Yo = 0.667. From figurc 2 the following
table yasvlis: .

\O Diametral (L.D. of barrel = 1,00")
W E Etg E N Clearance (Thousandths)
£ Yo te
1.3 0.08 oA 52
1.5 0.26% 1,32 1.98
1.7 0.445 2,22 3,77

e s o e

Sincae casae of assembly is required, a minimum of ,002" (and
prefcorably .003) diamatral clearance would ba desirable. Thus,
the liner chould be selected with a wall ratic somewhere
between 1.5 and 1,7,

CONCLUSIONS

The autofrettaged loose liner construction offers distinct
advantages over the conventional loose liner construction since
considerably higher pressures can be contained elastically.

In practice, the manufacture of a system utilizing this method
would be as follows:

1, For the desired pressure capability select a yield
strength for the liner. Note that this yield can be made
. somewhat higher during manufacture than it can for a large
wall monobloc since the liner wall will be relatively thin,
with the computed value of Pg/Y, read off & Eic/Yg from figure
2 for various wall ratioz of the liner.

2, Compute the diametral clearance for each liner. 'Based
upon the manufacturing capabilities available, select a
reasonable value for this clearance, thercby selecting the
required liner,

4

{
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3. Have the liner manufactured, heat treated and
autofrettaged to the pressure given by cquation (9). Then
f£ini~h ground to the édimensions desired, (As little matericl
as possible should hz remwoved in this process to avoid reducing
the residnal stressen,) )

4, Design the jacket to have thz same approximate I.D.

as the 0.D, of the liner. Finish machinre the I.D. to the 0.D.
of line:r plus the required clearance, (Yn the development of
the equations in the first and second.sections of this report
no attenticn was given to the stresscs developed in the jacket,
This was not an oversight since the jacket can always be
designed to have a higher pressure cepability than the liner
by means of autofrettage.)

with this proccdure the system is then rcady for operation.
The liners can be replaced with little difficulty provided the
design pressure is not exceeded.

At tbe Naval Ordnance Lzboratory, the 1,000-ft,
Hyperballistics Range No. 4 contains a barrel having a
1.5-inch bore and an 8-inch outside diameter., It wes designed
for pressuresg in excess of 100,000 psi. The original coat of
this barrel (which is the cost of replacing it) was $35,000,
Cost estimates, using the autofrettaged loose linor construction
outlined above, show that liners, capeble of providing oparatici
up to 100,000 psi, can bz constructed for about $2,000, 7The
indicated cost saving makes . the use of this construction method
extremely attractive,

10




0.1

NOLTR 63-78

(PLOT IS EXACT FOR(K =8 AND APPROXIMATELY
CORRECT FOR ALL &' »4)

“em—— - REGICN WHERE LiNER YIELDS
BEFORE CONTACTING JACKET.

LINER WALL RATIO

FIG.1 INTERNAL PRESSURE REQUIRED TO YIELD

Qi 02 03 04 05 O6 Q7 08 09 10
E €

LINER AS A FUNCTION OF INITIAL {
LINER — JACKET CLEARANCE. R




NOLTR €3-78

(PLOT IS EXACT FORw =5 AND APPROXIMATELY
CORRECT FOR ALL W > 4)

24 ~———— =~ RESION WHERE LINER YIELDS
' BEFORE CONTACTING JACKET.

14— MAXIMUM- AUTOFRET TAGED
‘ CYLINDERW =3

LINER WALL RATIO
. ---o- -ﬁw‘ 'L?

ST A | +-

S SO 1 -t Y - i e
© @ 02 03 04 Q5 08 O7 08 09

E8qc

FIG. 2 INTERNAL PRESSURE REQUIRED TO YIELD
A FULLY AUTOFRETTAGED LINER AS A

FUNCTION OF INITIAL LINER CLEARANCE.
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